Computational Simulations Reveal How Calmodulin Methionine Oxidation Triggers Large-Scale Changes in Structural Dynamics  by Olenek, Michael et al.
Wednesday, February 19, 2014 649aconformational change in the protein that has implications for its DNA-binding
state. Fluorescence experiments on RecQ dynamics using ATP analogues
reveal further details of the role of binding, hydrolysis, and release. These
studies provide insight into the mechanism of RecQ’s ATP-dependent activity.
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Phosphorylation by cAMP dependent Protein Kinase A (PKA) is a ubiquitous
signaling enzyme that regulates a variety of cellular functions. The regulatory
and the catalysis subunits of PKA exist as a holoenzyme in an inactive state un-
til cAMP releases the catalytic subunit (PKA-C). PKA is the prototypical ki-
nase and has served as a benchmark for allosteric signaling in kinases.
Previous work has demonstrated that binding of the nucleotide to PKA-C
acts as a dynamic activator for the kinase, who’s structural dynamics are re-
tained by substrate selection and is quenched by binding of an inhibitor. How-
ever the thermodynamic basis for the selection of ligand and substrate for
kinase function is not fully understood and ongoing research has suggested
that this is a critical aspect of drug discovery. Here we investigate the allosteric
activation of PKA-C upon binding various nucleotides using a combination of
thermodynamic data and NMR spin relaxation measurements of the kinase
side-chain methyl groups.
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Dystrophin and utrophin are homologous actin-binding proteins that link actin
filaments to the sarcolemmal membrane, forming crucial contacts between the
two cellular structures that maintain membrane integrity in muscle filaments. In
several types of muscular dystrophy, dystrophin is mutated or truncated, dis-
rupting its structural support role leading to membrane damage and ultimately
progressive muscle weakening in afflicted individuals. The binding of dystro-
phin and utrophin proteins is mediated by actin binding domains (ABD) and
in certain subtypes of muscular dystrophy, single point mutations in the first
ABD are sufficient to disrupt the entire protein’s function. While it is not clear
how a single point mutation disrupts function so severely, more recent binding
studies point to the importance of allosteric mechanisms in the protein’s inter-
action with actin. To gain further insights into these mechanisms, we combined
differential scanning calorimetry and time-resolved fluorescence spectroscopy
in a thermal denaturation approach to thermodynamically dissect allostery
within the ABD1 region of utrophin and dystrophin.
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We used molecular dynamics (MD) simulations to investigate the dynamics of
the hydrogen bonds formed due to protein-chromophore interactions in the far-
red fluorescent protein mPlum. Low temperature experiments on mPlum show
a reduced Stokes shift compared to room temperature. This suggests that the
increased flexibility of the chromophore environment at higher temperatures
along with its ability to reorganize after excitation is related to the larger Stokes
shift. We performed MD simulations at various temperatures and systemati-
cally explored the protein-chromophore hydrogen bond pattern at various tem-
peratures. We also investigated the dynamics of the hydrogen bond formed
between residues E16 and I65, which is considered to play an important role
in the observed large red shift in the emission spectrum. We quantify the
hydrogen bonding pattern as a function of temperature to show how the Stokes
shift in mPlum is correlated to the E16-I65 hydrogen bond dynamics.
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Institute of bioorganic chemistry RAS, Moscow, Russian Federation.The details of protein internal motions could be of crucial importance to under-
standing its function. Such a details can’t be directly obtained by conventional
NMR methods: the set of NMR structures and relaxation order parameters do
not provide motional models. One of the viable approaches is the analysis of
molecular dynamics trajectories verified by NMR structural and relaxation
data sets. The technique was implemented to the peripheral membrane protein
Neurotoxin II (NTII). High-quality experimental structures of 13S/15N labeled
NTII were used as starting points for a set of MD trajectories covering a total of
7 microseconds. 3JHNHA, 3JHAHB and 3JHBHG coupling constants together
with backbone and sidechain 15N-/13C-relaxation rates, heteronuclear NOEs
and chemical shifts were back-calculated from MD trajectories and found to
be in a good agreement with experimental data. The analysis of MD trajectories
revealed a number of highly flexible protein regions with locally correlated mo-
tions in the nanosecond time scale. Two of the regions, as was shown previ-
ously, provide NTII binding to the membrane environment of the Nicotinic
Acetylcholine Receptor (nAChR) and to the receptor itself. Flexibility of pro-
tein binding sites could lead to their adaptivity favoring binding to target mol-
ecules. In the case of NTII two flexible binding sites of different targeting
(membrane binding site and nAChR inhibition site) act successively. High flex-
ibility of the membrane binding site of NTII provides its adaptivity to the spe-
cific interaction with the lipid head groups of phosphatidylserine in the
membrane environment of nAChR enabling the "membrane catalysis" mecha-
nism for NTII/nAChR interaction. Then high flexibility and, accordingly, adap-
tivity of the nAChR inhibition site of NTII plays its role in the final step of the
"membrane catalysis" - high affinity binding of NTII to nAChR.
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The coagulation cascade is critical to wound healing, but must be well regu-
lated to prevent pathological clot formation. We previously investigated the
backbone dynamics of a key component in this cascade, thrombin, and found
that the loops surrounding the thrombin active site show dynamics on the
ps-ns timescale when the active site is inhibitor-bound, but have dynamics
on the ms-ms timescale when the active site is unoccupied. Thrombomodulin
(TM) plays a key role in the regulation of the coagulation cascade by switching
the function of thrombin from procoagulant to anticoagulant. A current molec-
ular dynamics study suggests TM does this by influencing the slow timescale
dynamics of thrombin, but the actual timescale of these motions is currently un-
known. NMR measurements of chemical shift differences (CSDs) can be used
to probe changes in the conformational ensemble upon TM binding. Other
NMR experiments probe the timescales of motion including R1 and R2 relaxa-
tion experiments, which probe the ps-ns time regime, and TROSY Hahn Echo
and CPMG experiments, which probe slow (ms-ms) timescale motions. To
perform these NMR studies, our lab has developed a truncation of human
TM (TM456m) with complete thrombin-altering activity. We have produced
15N-labeled human thrombin using an E. coli expression system and have
collected HSQCs of unbound 15N-thrombin and 15N-thrombin in 1:1 complex
with unlabeled TM456m. Binding of TM456m induces significant CSDs and
differences in peak intensities throughout thrombin. Several residues in the
TM binding site, including S36A, L65, I82, M84, and K110, become signifi-
cantly perturbed upon binding. These perturbations propagate to several resi-
dues near the active site, including H57 and D102 of the catalytic triad. We
hope that a complete understanding of how TM alters the dynamics and func-
tion of thrombin will aid in the design of safer anticoagulant drugs.
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We have examined the structural consequences of methionine (Met) oxidation
in the calcium-sensing muscle regulatory protein calmodulin (CaM) using mo-
lecular dynamics simulations. Protein oxidation by reactive oxygen species
(ROS), and subsequent reduction by the antioxidant enzyme methionine sulf-
oxide reductase, has emerged as a crucial cell regulatory mechanism. In the
context of oxidative stress, protein oxidation is implicated in disease progres-
sion and biological aging. Our goal is to bridge our understanding of muscle
dysfunction and protein oxidation with atomic-level insights into site-specific
methionine oxidation and calmodulin structural dynamics.
650a Wednesday, February 19, 2014We have carried out multiple 50 ns molecular dynamics simulations of explic-
itly solvated calmodulin, starting from the calcium-bound (1cll) and apo (1cfd)
structures. Simulations were performed using NAMD (University of Illinois)
and the CHARMM27 force-field. Simulations suggest that Met oxidation alters
the flexibility of calcium binding sites, the conformation of the linker helix con-
necting the lobes, and the relative orientation of the lobes. This work is a
component of a larger study in which spectroscopic distance measurements
and NMR experiments have been used to resolve the structural impact of
site-specific CaM Met oxidation. We expect that our in silico results will bring
atomic-level insight to spectroscopic measurements, and will be integral to
creating a more complete model for oxidation-induced changes in CaM struc-
tural dynamics.
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The mechanism of action of allosteric effectors in various types of hemoglobins
is still not completely understood. It is known from time-dependent structural
studies, and computer simulations, that not only certain structural changes are
important in this phenomenon, but also the complex changes in the dynamics of
the molecular assembly.
In this study we report data on the high-pressure compressibility of human he-
moglobin. We used pressure tuning combined with fluorescence line narrowing
to estimate the compressibility of the alpha and beta subunits in human hemo-
globin A. In each experiment in either the alpha or the beta subunits the heme
was Fe: Zn-substituted to enable fluorescence spectroscopy.
We have found that the compressibility of the two subunits are different, the
beta having a larger, approximately 0.3 1/GPa compressibility, while the alpha
subunits have approximately 0.1 1/GPa. Surprisingly, the allosteric effectors
cause a significant reduction of the compressibility in the beta subunits, while
no significant change was observed in the alpha subunits.
This asymmetry in the compressibility values points to an asymmetry in the dy-
namics of the two subunits. Moreover, the asymmetry in the response to allo-
steric effectors suggests a distinct role of the beta subunits in the response
sequence leading to changes in the oxygen binding capability.
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Understanding complex allosteric communication in biophysical systems has
long been a challenging problem in computational chemistry. Recent ad-
vances in Markov state modeling has made the problem more tractable but
the automatic detection of important degrees of freedom remains a significant
challenge. Using applied supervised learning methods combined with confor-
mational space discretization via Markov Modeling, we are now able to pre-
dict important degrees of freedom in molecular dynamics (MD) simulations.
These methodological advances allow us to quickly ascertain potentially
important degrees of freedom leading to a better understanding of allostery
in large enzymes.
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We report direct evidence for the allosteric regulation of cadherin adhesion by
conformational changes and inside-out signaling. Cadherins are essential pro-
teins that mediate intercellular cohesion in all tissues, and circumstantial evi-
dence suggested that cadherins, like integrins are allosterically regulated by
inside-out signaling. Recent findings with conformationally-specific antibodies
provided biochemical evidence that cadherin adhesion is allosterically modu-
lated by conformational changes propagating through the cadherin cytoplasmic
domain and in the phosphorylation state of a cytoplasmic binding protein, p120
catenin. Here we present direct evidence, using micropipette manipulation, thatantibody-induced conformational changes alter the intrinsic affinity of
membrane-bound cadherins. Micropipette manipulation measurements quanti-
fied the two-dimensional affinity and dissociation rate between cell surface
cadherins. We used Colo205 cells, which express a full complement of surface
E-cadherin, but do not aggregate unless treated with a kinase inhibitor or
activating antibodies. Kinetic measurements between Colo205 cells and
cadherin-displaying red blood cells showed that the activating monoclonal an-
tibodies, as well as the kinase inhibitor staurosporine, substantially increased
the intrinsic affinity of membrane bound cadherins. Neutral antibodies, which
bind cadherin but do not alter Colo205 aggregation, had no effect on cell-cell
binding. This important finding demonstrates conformational coupling between
cadherin binding activity, cytoplasmic domain conformations, and intracellular
signaling.
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The "sectors" of a protein are defined as networks of amino acid residues that
act cooperatively in support of diverse functional and structural activities,
including intramolecular communication and allosterism. "Statistical coupling
analysis" (SCA) is method developed by the Ranganathan Laboratory for the
elucidation of sector residues based on evolutionary covariance. SCA is based
on a multivariate method for scoring covariance, and obtains sectors from the
spectral decomposition of a conservation weighted positional correlation ma-
trix from a multiple sequence alignment (MSA). Sector analysis has now
been has been applied to a number of systems, with considerable success in
associating sector residues with the activities of multifunctional proteins,
including allosterism. A hypothesis that cooperativity and sector architecture
may be accounted for the dynamical structure of a protein, in particular corre-
lations of atomic fluctuations. Such fluctuations cannot be measured directly
but can be calculated using molecular simulation, and validation of the fluctu-
ation hypothesis has not been straightforward. The issues of interest in this proj-
ect are a) how sectors are differentiated at the submolecular level and b) the
implications of this on the mechanism of allosteric signal transmission. We
have investigated the relationship between atomic fluctuations, cooperative net-
works and protein sectors based on all-atom molecular dynamics (MD) com-
puter simulations. PDZ domains, important for scaffolding as well as
allosterism in signal transduction systems, serves as our test case. In the course
of this study, we have developed the concept of "MD sectors" based on spectral
decomposition of MD calculated correlation matrices. A direct comparison of
the calculatedMD sectors with the empirically derived SCA sectors forms a ba-
sis for evaluation of the fluctuation hypothesis the role of atomic fluctuations on
the sector architecture of proteins.
3288-Pos Board B16
Dynamic Behavior of Oligomeric Inorganic Pyrophosphatase (IPPASE)
Studied by Quasielastic Neutron Scattering
Utsab R. Shrestha1, Kurt VanDelinder1, Manavalan Gajapathy2,
John Copley3, Juscelino Leao3, Joseph D. Ng2, Xiang-Qiang Chu1.
1Department of Physics and Astronomy, Wayne State University, Detroit,
MI, USA, 2Department of Biological Sciences, University of Alabama,
Huntsville, AL, USA, 3NIST Center for Neutron Research, Gaithersburg,
MD, USA.
Protein dynamics or protein motions are believed to ultimately govern the bio-
logical function and activities of protein. Quasielastic neutron scattering
(QENS) technique has been proven to be an exceptional tool to study dynamics
of proteins in the time scale of picosecond (ps) to nanosecond (ns) [1, 2]. In this
study, we use QENS to investigate how a large oligomeric protein, Inorganic
Pyrophosphatase (IPPase) from Thermococcus thioreducens with quaternary
structural complexity, have distinguishable dynamic characteristics compared
to those of the small simple monomeric model protein, lysozyme. IPPase
derived from thermostable microorganisms is of extreme interest for biophys-
ical studies because of their inherent chemical and thermal stability and high
temperature activity. Two QENS instruments, a backscattering spectrometer
(BASIS) and a disk chopper spectrometer (DCS) are used in probing the protein
dynamics in different time ranges from 1 ps to 1 ns at different temperatures. In
addition, the DCS experiment was performed under the pressure of 1000 bar,
mimicking the natural living conditions of IPPase. Our results reveal that the
dynamics of IPPase is slower than that of lysozyme in the time range of 10
ps to 0.5 ns [1] while it is faster in the time range of 1 ps to 30 ps. These results
are consistent between two instruments and such dynamic behaviors in proteins
